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ABSTRACT 
The Effect of Initial Inoculum Source on the Microbial Community Structure and 
Dynamics in Laboratory-Scale Sequencing Batch Reactors 
Susana Patricia Amaya Hernandez  
 
 
Understanding the factors that shapes the microbial community assembly in activated 
sludge wastewater treatment processes provide a conceptual foundation for improving 
process performance.  The aim of this study was to compare two major theories 
(deterministic theory and neutral theory) regarding the assembly of microorganisms in 
activated sludge: Six lab-scale activated sludge sequencing batch reactors were 
inoculated with activated sludge collected from  three different sources (domestic, 
industrial, and sugar industry WWTP).  Additionally, two reactors were seeded with 
equal proportion of sludge from the three WWTPs.  Duplicate reactors were used for 
each sludge source (i.e. domestic, industrial, sugar and mix).  Reactors were operated in 
parallel for 11 weeks under  identical conditions. Bacterial diversity and community 
structure in the eight SBRs were assessed by 16S rRNA gene pyrosequencing. The 16S 
rRNA gene sequences were analyzed using taxonomic and clustering analysis and by 
measuring diversity indices (Shannon-weaver and Chao1 indices).   
Cluster analysis revealed that the microbial community structure was dynamic 
and that replicate reactors evolved differently.  Also the microbial community structure in 
the SBRs seeded with a different sludge did not converge after 11 weeks of operation 
under identical conditions. These results suggest that history and distribution of taxa in 
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the source inoculum were stronger regulating factors in shaping bacterial community 
structure than environmental factors. This supports the neutral theory which states that 
the assembly of the local microbial community from the metacommunity is random and 
is regulated by the size and diversity of the metacommunity. Furthermore, sludge 
performance, measured by COD and ammonia removal, confirmed that broad-scale 
functions (e.g. COD removal) are not influenced by dynamics in the microbial 
composition, while specific functions (e.g. nitrification) are more susceptible to these 
changes.  
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I. INTRODUCTION 
 
The activated sludge system is the most widely used biological process for the treatment 
of domestic and industrial wastewater. Typically, wastewater treatment plants (WWTPs) 
have been designed and operated based on empirically derived operational parameters. 
However, these parameters cannot always assure a successful operation because of the 
inability to predict microbial dynamics that can lead to significant problems such as 
sludge bulking (30). 
Due to their vital importance in these systems, the study of microbial community 
structure and diversity in WWTPs is of great importance in order to improve WWTP 
robustness and maintain their functional stability following disturbance.  
Detecting patterns in community assembly provides important insights into the 
underlying mechanisms that regulate biodiversity, and are central to the development of 
ecological models and theories (28). Two important ecological principles have been 
proposed to regulate bacterial community structure and diversity in activated sludge 
processes: the deterministic and stochastic neutral theory. Neutral model suggests a 
random assembly of the local microbial community from the metacommunity, regulated 
by the size and diversity of the metacommunity (10).  Deterministic model proposes that 
communities are not deliberately assembled but are the result of selective pressure (e.g. 
environmental and operational conditions) (4).  
Several studies have used different approaches to investigate the dynamics of 
bacterial populations in activated sludge flocs assembly in order to determine which of 
these contrasting theories describe the abundance and distribution of species (diversity) 
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and furthermore correlate diversity with the performance function and stability of the 
process. Ayarza et al. (5) used denaturing gradient gel polymerase (DGGE) to examine 
the dynamics of assembly of bacterial populations during development of activated 
sludge flocs using replicate reactors inoculated from same activated sludge source and 
run under identical conditions. Langenheder at al. (20) compared these two hypothesis by 
growing inoculum emerged from different aquatic environments, but not activated 
sludge, under identical conditions, aided by terminal restriction fragment polymorphism 
length (T-RFLP) to analyze how microbial communities are shaped. Ayarza et al. (4) 
used DGGE of reverse transcription polymerase chain reaction (RT-PCR) to study the 
effect of species diversity on dynamics of activated sludge floc assembly by inoculating 
reactors with a mixture of sludge from domestic and industrial WWTPs, combined in 
different proportions. Witteboll et al (48) focused on the effect that activated sludge from 
WWTPs treating waste stream of different origins have on microbial communities 
evolution and nitrification functionality by analyzing the communities’ dynamics with 
DGGE. No replicate reactors were used in this experiment.  
However, no experiment has done an integrated study of the inoculum effect on 
microbial community assembly and COD removal and nitrification functionality by using 
activated sludge from different sources, in addition with enhancing the microbial richness 
of the inoculum by mixing the inocula and finally, evaluating these parameters in 
replicate reactors. Besides, most of the above studies were limited by the molecular 
techniques employed to analyze microbial community, since DGGE and T- RFLP just 
target dominant species without detecting rare species that might play an important role 
in activated sludge processes (25), (34). Recent development of next generation 
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technologies such as pyrosequencing has provided powerful tools for the evaluation of 
microbial communities dynamics. 
The objective of this study was to compare both theories (i.e neutral and 
deterministic theories) by running replicate lab-scale bioreactors (SBRs) operated under 
the same environmental and operational conditions but seeded with different sources of 
activated sludge. To achieve this objective the following two specific aims were 
addressed in this study: 
1. Study the evolution of the microbial community in replicate lab-scale sequencing batch 
reactors operated under the same conditions but seeded with difference source inocula.  
This specific aim will address the question: will the microbial community converge under 
the same selective pressure (i.e. deterministic assembly)?  
2. Examine the reproducibility of the microbial community in duplicate reactors to 
investigate if they will evolve similarly with time or diverge into different communities 
(i.e. neutral assembly).  
Activated sludge was collected from three different WWTPs (Industrial, Domestic 
and Sugar Industry) in Jeddah, Saudi Arabia and was used as inoculum in replicate SBRs.  
Duplicate reactors were used for each activated sludge source.  The microbial community 
structure and diversity in the reactors were assessed by 16S rRNA gene pyrosequencing.  
Pyrosequencing is a high throughput technique that allows a very rapid and highly 
reliable sequencing of every species present in a sample including the rare or occasional 
species, overcoming the limitations of other fingerprinting and sequencing tools (23), 
(41). In addition, the performance of the reactors was assessed in terms of COD removal 
and nitrification. 
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II. LITERATURE REVIEW 
2. Chapter 2 
2.1. Activated Sludge Process 
Activated Sludge process is the most widely used biological process to remove organic 
substances and nutrients such as nitrogen and phosphorous in the treatment of municipal 
and industrial wastewater. Activated sludge plant, as illustrated on Figure 1, consists of 
the following basic components: (1) an aerated basin that keeps microbial aggregates and 
flocs in suspension; (2) a settling tank in which biological flocs are separated from treated 
wastewater; (3) a solid recycle line from the settling tank into the aeration basin; and 4) a 
sludge wasting line for intentional wastage of sludge (30).  
 
 
Figure 1 - Schematic flow diagram of the activated sludge process. 
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2.2. SBR 
Sequencing batch reactors (SBR) is an activated sludge process that operates in a batch 
mode. It differs from conventional activated-sludge plants because all the treatment steps 
occur in a single unit (26). In addition, there is no need of return activated sludge since 
aeration and settling occurs in the same unit (38).  SBRs are useful for high-efficiency 
removal of individual constituents such as biodegradable hazardous organics; combined 
removals of organics, nitrogen, and phosphorous; and combination of aerobic and 
anaerobic processes with the same microorganisms (30). 
SBRs utilize a fill-and-draw principle, which consists of five steps: fill, react 
(aerobic, anaerobic, or anoxic), settle, decant and idle (Fig. 2) (26).   
 
Figure 2 - Sequencing batch reactor (SBR) design principle (40). 
 
During the fill phase, the reactor receives influent wastewater that provides the 
nutrients to the microorganisms in the activated sludge. The fill phase can be static, 
mixed or aerated. Organic removal and nitrification occurs in the aerated react phase. 
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During the settling phase, aeration and mixing are discontinued to allow activated sludge 
to settle as a flocculent mass. After biomass settling, the supernatant effluent is decanted. 
In the wastage step activated sludge is intentionally wasted from the SBR, usually during 
the react phase to have a uniform discharge of solids. Sludge wasting is an important 
parameter in SBR as it greatly influences its performance and controls the solid retention 
time (SRT) (26), (38).  
2.3. Microbial ecology of activated sludge 
Biological wastewater treatment has focused primarily on oxidation of carbonaceous 
organic matter into CO2 and water using O2 as the electron acceptor. Recently, WWTPs 
have extended their initial function into new applications such as nitrification, 
denitrification, reduction of sulfate, chromate, and chlorinated solvents, among others 
(29). 
Microorganisms are the central drivers for the success of activated sludge 
processes (11). Activated sludge consists of flocs of biological origin containing a variety 
of microorganisms, including prokaryotes (bacteria), eukaryotes, and bacteriophages, as 
well as organic and inorganic material (30). Prokaryotic microorganisms (bacteria) are 
the main component of activated sludge, since they are responsible for most of the carbon 
and nutrient removal from wastewater. On the contrary, presence of certain bacterial 
species can be nuisance activated sludge WWTP by contributing to bulking and foaming, 
factors that negatively affect the settling properties of activated sludge (45). It has been 
found that much of the success of the treatment relies in the multiple microbial activities 
and interaction occurring in a highly diverse microbial community (11), (44).  
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Engineers have traditionally designed activated sludge WWTP based on mass-
balance concepts using Monod kinetics or empirically derived rules to ensure that an 
appropriate organism and function is present. However, these tools will not always 
predict whether a particular function will be present in activated sludge, and in 
consequence the robustness of the system remains unknown and unpredictable. These 
deficiencies arise because microbial community composition and structure could not be 
determined using culture-based methods (6), (9). Therefore, the study of the ecology of 
the microbial communities is fundamental to determine the factors influencing the 
efficiency and stability of biological WWTPs and to develop strategies to improve 
activated sludge performance (44). 
Microbial ecology aims to address the following (29), (30): 
• The microorganisms present in the community (community structure) 
• The metabolic capability of the community (i.e. community function) 
• The reactions they are actually carrying (community function) 
• Inter-relationships among the members of the community and the environment 
2.4. Molecular Techniques in microbial ecology 
Diversity and dynamics of the microbial communities in activated sludge have mostly 
been analyzed by culture-dependent techniques combined with a subsequent 
differentiation of the isolates based on physiological and biochemical tests. However, 
culture-based methods, have several limitations: (1) microorganisms have to be isolated 
first onto a medium and then cultured and maintained unchanged, nevertheless most, 
~99% of all microorganisms, rarely grow as pure culture, reflecting only the selectively 
of growth media for certain bacteria and not the actual bacterial community, leading to an 
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underestimate of the true level of biodiversity; (2) isolated organisms may deviate after 
many generation in its physiology and genotype from the original population; and (3) the 
spatial distribution of the microorganisms is poorly understood by these methods (6), 
(35), (39), (43). For these reasons, culture-based techniques are inadequate for a 
describing the composition and dynamics of microbial communities in activated sludge.  
The development of cultured-independent molecular methods in the last two 
decades allowed researchers to characterize, at the molecular level, complex microbial 
communities, such as those found in WWTPs, and answer the question “who is there”, 
greatly improving our knowledge of the not yet cultured key functional microbes in 
WWTPs (11), (29). Genomic tools that target the deoxyribonucleic acid (DNA) or 
ribonucleic acid (RNA) of microorganisms are being used in microbial ecology as 
cultured-independent molecular methods. The first genomic tool targeted the small 
subunit (SSU) ribosomal RNA (rRNA), also called 16S rRNA in prokaryotes, usually 
through hybridization with oligonucleotide probes (29), (31).  The 16S rRNA is used to 
identify the phylogenic structure of the community (i.e. what types of microorganisms are 
present). Additionally it is present in all living organisms and contains variable and 
conserved regions. Thanks to the variable and conserved regions, it is possible to design 
oligonucleotide probes that can target specific species or range of evolutionary related 
species (29), (37).   
PCR-based molecular techniques targeting the 16S rRNA gene had a major 
impact on the study of microbial ecology of activated sludge systems.  Some of the most 
common PCR-based tools include denaturing gradient gel electrophoresis (DGGE), 
terminal restriction fragment length polymorphism (T-RFLP), clone libraries, and very 
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recently 454 pyrosequencing (29), (31). The 454 pyrosequencing technology is capable 
of obtaining DNA sequence reads at a length up to ~400 bp simultaneously by nucleotide 
synthesis reactions taking place on microbeads. Using this novel sequencing approach, 
selected hyper-variable regions of the 16S rRNA gene sequences will be PCR amplified 
and the PCR amplicon will be directly used as the DNA template for pyrosequencing.  
Hundreds of samples can be mixed and sequenced simultaneously by using bar-coded 
(tag) primers and a few thousands reads of partial16S rRNA gene sequences can be 
generated for individual samples (2), (23). Table 1 summarizes some of the most 
important PCR-based molecular biology tools used for studying the microbial ecology of 
activated sludge. 
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Table 1 - Fingerprinting techniques for studying the microbial ecology of activated sludge 
Method Main Uses in Microbial ecology Description Advantages Disadvantages Reference 
DGGE 
• Determine the 
genetic diversity of 
total bacterial 
communities 
• Evaluate population 
dynamics by 
comparing OTU 
patterns from 
different systems or 
over time. 
PCR- amplified genes 
are separated into bands 
known as operational 
taxonomic unit (OTU) on 
a denaturing gel based on 
chemical melting point 
and G+C content. 
 
• Richness and evenness 
(proportional 
abundance) measured 
by number and 
intensity of bands. 
• Identify unknown 
microorganisms by 
sequencing -extracted 
bands 
• Poor results if 
diversity is high; 
• A single band can 
occur for multiple 
organisms  
• A single organism 
can produce multiple 
bands 
• Unable to detect rare 
taxa (less than 1%)  
(29) 
(31) 
T-RFLP 
• Determine the 
genetic diversity of 
total bacterial 
communities 
• Monitor dynamics in 
the structure and 
composition of 
microbial 
communities in time-
series studies. 
 
Primer used in 
amplification is labeled 
with a fluorescent probe 
and, as a result, one of 
the ends of the gene is 
labeled; PCR products 
are digested with 
restriction enzymes. The 
labeled fragments are 
separated by 
polyacrylamide gel or 
capillary gel 
electrophoresis and 
visualized by a DNA 
sequencer. 
• Rapid 
• Highly reproducible 
• Better resolution and 
sensitivity than 
DGGE. 
 
• Difficulty in 
assigning peaks to 
specific organisms 
• Not possible to 
combine with 
sequencing leaving 
unknown OTUS 
unidentified. 
• Unable to detect rare 
taxa. 
(25) 
(31) 
(34) 
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Method Main Uses in Microbial ecology Description Advantages Disadvantages Reference 
Clone 
libraries 
Provides information on 
the phylogeny of the 
most abundant 
community members 
PCR-amplified genes are 
cloned and sequenced 
using Sanger sequencing 
method. 
High-resolution analysis 
of complex microbial 
communities. 
• Limited number of 
clones that can be 
sequenced; 
• Results do not 
always reflect the 
true diversity of the 
sample and are not 
quantitative 
(30) 
(31) 
Pyro-
sequencing 
Bacterial genotyping by 
sequencing the variable 
region of the 16S rRNA 
gene. 
Next generation 
sequencing technology 
based on the “sequencing 
by synthesis principle”. 
It relies on 
bioluminescence to 
measure the release of 
inorganic pyrophosphate 
(PPi) during the DNA 
polymerase reaction by 
proportionally converting 
it into visible light using 
a series of enzymatic 
reactions. The signal is 
quantitatively related to 
the number of bases 
added. 
• Avoids cloning step by 
going directly from 
PCR to sequencing. 
• Rapid and very high 
throughput, allowing 
an entire bacterial 
genome to be 
sequenced in few days 
• 96 samples can be 
processed in 4-6 hrs. 
• Allows sequencing of 
400-600 million bp in 
an 10-hour run 
• Provides more 
sequences at lower 
cost than the 
conventional Sanger 
method. 
• Sequences obtained 
are shorter than 
Sanger method 
(~400 bp) 
• Nonsynchronized 
extension of some 
sequences, which 
limits the length of 
reliable and correct 
sequences 
• Inaccuracy in 
homopolymeric 
segments 
 
(23) 
(29) 
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2.5. Ecological theories 
The introduction of these molecular biology techniques allowed researchers to measure 
biodiversity, and to understand the ecophysiology (or adaptation of organism's 
physiology to environmental conditions) and evolution of microorganisms in biological 
wastewater treatment systems. Additionally they are useful to study the genomic 
variability among functionally similar organisms; therefore leading to a greater 
understanding of the relationship between microbial community composition, function 
and process stability in WWTPs (6), (44). Finally, these techniques made it possible to 
test ecological theories that explain the processes underlying microbial community 
assembly in activated sludge (16).  
The assembly of microorganisms in activated sludge may be viewed according to 
two mayor contrasting theories: the deterministic and neutral theory. 
The deterministic theory is centered in the statement “everything is everywhere-
the environment selects”. Accordingly, the environmental conditions, under which the 
community assembly happens, select the active community from the total species pool as 
a consequence of species interactions. This communities follow deterministic “assembly 
rules” (13). Several studies have shown the broad distribution of species such as in (14). 
However, some questions to this model have risen since the introduction of 
modern molecular techniques. For example several studies using molecular techniques to 
examine the stability and reproducibility of microbial community in lab-scale bioreactors 
have found that the bacterial community is dynamic, never stabilizes, and varies between 
replicate reactors  (12), (15), (17), (18). However, other groups, like Archaea in anaerobic 
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systems and ammonia oxidizing bacteria (AOB) in activated sludge, are generally more 
reproducible among reactors and less variable in a given plant (9). 
The neutral theory of species diversity relies on stochastic cycles of immigration, 
death, and births of ecologically identical organisms. Local communities of ecologically 
identical species are assembled at random by the immigration from a regional pool of a 
larger collection of individuals, called metacommunity, combined with random mutations 
and speciation. Individuals in the local community can die creating openings for 
individuals from the metacommunity and the local community to randomly disperse, each 
individual having equal chance of immigration. If dispersal from the metacommunity is 
strong, the local community will look very similar to the metacommunity; but if the 
dispersal from outside is weak, random deaths combined with mutations and speciation 
will cause the local community to differ more and more from each other leading to 
ecological drift characterized by random fluctuations in species abundances over time (9), 
(42). The assembly of the local bacterial community is regulated by the total diversity 
and the species abundances distribution in the metacommunity, the rate of immigration, 
and the spatial structure of the community. In a metacommunity with a smaller diversity, 
one would except to have a smaller local community but greater stability of diversity, and 
higher reproducibility (4), (10). A schematic diagram of the evolution of local community 
under a stochastic model is represented in Figure 3. 
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Figure 3 - A schematic diagram of the evolution of a local community that is 
saturated. A) Initial community, b) individual dies leaving an opening, c) the 
opening is filled by either an individual from the existing population (species A, B or 
C) or an immigrant from the metacommunity (species D) that is entirely new to the 
local community (9). 
There are two important distinctions between deterministic and neutral models. 
First, the essential feature of neutral models (e.g. stochastic) is the assumption of 
neutrality between species and no single species or individual is more competitive than 
any other (9), (42); in contrast niche differences among species influences patters of 
community structure in the deterministic model (13). Second, deterministic models 
assume that a certain number of individuals will be distributed among certain number of 
species in a predetermined way (13), (42). On the contrary, stochastic models recognize 
that replicate communities will inevitably vary in terms of the relative abundance of 
species found there (9), (42). 
Recently various studies, aided by fingerprinting molecular techniques, have 
compared these two hypotheses regarding the formation of bacterial community 
composition at the local scale and have provided new experimental data on how 
biodiversity, function, and stability are related. Some of these studies have concluded that 
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the stochastic neutral model drives microbial community assembly (e.g. (1), (48)), 
whereas others have determined that environmental conditions exert strong selective 
pressure and that deterministic dynamics shape bacterial floc assembly (e.g. (5), (32), 
(47)) and some studies have establish that both operate simultaneously (as demonstrated 
by Ayarza et al. (4) and Caruso et al. (7)).  
Ayarza et al. (5) examined the dynamics of bacterial populations assembly during 
development of activated sludge flocs using replicate reactors inoculated from same 
activated sludge source and run under identical conditions. With the aid of denaturing 
gradient gel polymerase (DGGE) substantial changes in the bacterial communities were 
observed during floc development. Yet similar behavior patterns were present in all 
replicate reactors, suggesting that deterministic constrains rule the microbial assembly. 
Besides, despite the high levels of dynamics in bacterial communities, the diversity mean 
indices remained constant as well as the performance, being an indication of functional 
redundancy. 
Langenheder et al. (20) investigated the importance of the origin of the source 
(the inoculum) versus the environmental conditions for the composition and functional 
performance of bacterial communities using inoculum emerged from different aquatic 
environments grown under identical conditions in batch reactors. Bacterial community 
was analyzed using T-RFLP.  They found that there was not any increase in similarity 
between communities after growth under identical conditions. Besides, they found 
deviating patterns in bacterial community composition among replicate cultures. 
Therefore, history and distribution of species in the inoculum were important regulating 
factors (neutral theory), rather than environmental conditions (deterministic theory). 
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Regarding the structure- function relationship, they conclude that broad-scale functions 
were independent of the bacterial community composition due to functional redundancy, 
whereas well-defined narrow niche functions such as enzymatic activities are more 
sensitivity to a reduction in the diversity or perturbation.   
Ayarza and Erijman (4) used DGGE to test whether communities having same 
number of species but differing in their relative abundance will converge in composition 
in time and if communities containing higher richness (larger metacommunity) will 
present a higher stochastic behavior. They achieved this by combining sludge samples 
from different WWTPs in different proportions, and by using the sludge from a single 
WWTP as inoculum without mixing, thus having less diversity in this last one. 
Convergence of bacterial patterns was detected after several days of operation, showing a 
strong selection rather than a stochastic process. However, the stochastic process was 
more dominant in reactors with higher biodiversity (reactors with mixed inoculum) 
compared to reactors with single inoculum. Their results revealed that both models 
operate together and the balance between the two models depends on the diversity in the 
source community. 
Wittebolle et al. (48) investigated if reactors with a different origin and 
community composition would become more phylogenetically similar or stay apart when 
treated similarly concerning their microbial communities and functionality. They used 
activated sludge from different full-scale wastewater treatment plants (WWTPs), each 
one treating waste stream of different origin, and evaluated the nitrification functionality. 
DGGE and sequence analysis demonstrated that sludge stayed separately over the course 
of the experiment for total bacterial community as for the ammonia oxidizing bacteria 
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(AOB), depicting a stochastic behavior. However this did not influence the process 
stability, showing that biodiversity and dynamics are more important indicators for good 
process functionality than the presence of certain specific species. 
Despite the aforementioned studies a unified idea of how microbial communities 
are assembled in activated sludge has not been established; neither a consensus 
relationship between biodiversity, function, and stability has been determined.  Most 
importantly most of these studies were conducted using DGGE and T-RFLP, which 
cannot detect rare taxa (25), (34). Pyrosequencing has emerged as a high throughput 
next-generation sequencing technology that overcomes the limitations of commonly used 
fingerprinting techniques, such DGGE, and T-RFLP. With 16S pyrosequencing, it is 
possible to detect rare or occasional species, which are not normally detected by the other 
molecular tools (23), (41).  
 
  
 31 
III. MATERIALS AND METHODS 
3. Chapter 3  
3.1. Laboratory scale sequencing batch reactors 
Eight identical lab-scale SBRs were constructed from transparent cylindrical plexiglass 
vessels with a working volume of 4 L.  
Air diffusers were used to provide air and mixing in the reactors. They were 
connected to an aeration pump, and one air diffuser was used for each reactor. Inlet 
feeding, effluent decanting, and sludge wastage were performed using peristaltic pumps 
(Masterflex L/S, Cole-Parmer).  All pumps were connected to timers (XT Table Top 
Timer, ChronTrol Corporation). The complete experiment set-up is shown in Figure 4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 – Experimental Set up. 
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3.2. Reactors inoculation and operation  
The eight SBRs were inoculated with sludge from three different full-scale wastewater 
treatment plants located in Jeddah, Saudi Arabia (Table 2). Activated sludge was 
collected in a 20 L plastic tank and stored at 4ºC until used.  
Table 2 - Sampling sites for bioreactors inoculum 
Origin of wastewater Wastewater Treatment Plant 
Activated Sludge 
Sample 
Domestic Al Rwais Treatment 
Plant 
Aeration basin and return 
activated sludge 
Industrial 
ICDOC (Industrial Cities 
Development & 
Operation Company) 
Aeration basin and return 
activated sludge 
Sugar Industry The Savola Group - 
United Sugar Company 
Settling basin (secondary 
sedimentation tank) 
  
The reactors were seeded with 2 L of activated sludge from the different 
wastewater treatment plants as shown in Table 3. Reactors referred to as Sugar 1 and 
Sugar 2 were seeded with activated sludge from the Sugar Industry WWTP; reactors 
referred to as Domestic 1 and Domestic 2 were seeded with activated sludge from the 
domestic WWTP; reactors referred to as Industrial 1 and Industrial 2 were seeded with 
activated sludge from an industrial WWTP; and reactors referred to as Mix 1 and Mix 2 
were seeded with one-third volume of activated sludge from each of the three WWTPs. 
After seeding, reactors were fed with 2 L of synthetic wastewater to achieve a 4-L 
working volume.  
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Table 3 - Proportion of activated sludge sample in each set of duplicate reactors 
Reactors Reactor ID Proportion (%) 
Sugar 
Industry 
WWTP 
Domestic 
WWTP 
Industrial 
WWTP 
Sugar 1 S_SBR1 100 0 0 
Sugar 2 S_SBR2 100 0 0 
Domestic 1 D_SBR1 0 100 0 
Domestic 2 D_SBR2 0 100 0 
Industrial 1 I_SBR1 0 0 100 
Industrial 2 I_SBR2 0 0 100 
Mix 1 M_SBR1 33.33 33.33 33.33 
Mix 2 M_SBR2 33.33 33.33 33.33 
 
 The Synthetic wastewater was used to avoid community shifts due to changes in 
feed composition. The influent synthetic wastewater consisted of 512.3 mg/L 
NaCH3COO, 107 mg/L NH4Cl, 75.5 mg/L NaH2PO4.2H2O, 166.6 mg/L NaHCO3, 90 
mg/L MgSO4.7H2O, 36 mg/L KCl, 14 mg/L CaCl2.2H2O, 18 mg/L EDTA, 1 mg/L Yeast 
Extract, and the following trace metals: 1.499 mg/L FeSO4.7H2O, 0.015 mg/L H3BO3, 
0.48 mg/L CuSO4.5H2O, 0.003 mg/L KI, 1.5 mg/L MnCl2.4H2O, 0.33 mg/L 
(NH4)6Mo7O24.4H2O, 0.66 mg/L ZnSO4.7H2O, and 0.015 mg/L CoCl2.6H2O. 
Sodium Acetate (NaCH3COO) was used as carbon source providing an influent 
Chemical Oxygen Demand (COD) of 400 mg/L COD. Ammonium chloride (NH4Cl) was 
used as nitrogen source, providing a nitrogen concentration of 28 mg/L N in the synthetic 
wastewater influent. Sodium phosphate monobasic dehydrate (NaH2PO4.2H2O) was used 
as phosphorous source to meet the growth requirements as well as to provide a buffering 
capacity. The concentration of phosphorous in the synthetic wastewater was of 15 mg/L 
P. 
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The bioreactors were operated in sequencing batch mode consisting of four cycles 
per day. Each cycle (6 h) consisted of an aerated fill phase of 10 min, were synthetic 
wastewater was used as feeding; an aerated reaction phase of 5 h; a settling phase of 50 
min; and a decanting phase of 10 min at the end of the settling phase.  In each cycle, 
every reactor was fed with 2 L of synthetic wastewater, and 2 L were decanted. The 
bioreactors were operated at a hydraulic retention time (HRT) of 0.5 d, calculated as 
follows: 
                         !"# ! !"#$%&!!"!!"#!$%&'!!"#$!!!"#$%&"'!!"#$!!"#$!!!! ! !!!!!!!! ! !!!!!   Equation 1 
The reactors were run without wastage for 2 weeks. After this, the SRT was 
gradually decreased over a 1-week period reaching the target SRT of 10 (Table 4), which 
was used throughout the rest of the experiment. In order to maintain the SRT at 10 d, 0.4 
L of mixed liquor were wasted once a day for 2 min at the end of the reaction phase. The 
reactors were maintained at a constant room temperature of 21 °C.    
 
Table 4 - Gradual decrease of SRT, by sludge wastage, over a 1-week period 
Day SRT (days) Volume wasted (L/day) 
April 17 Infinite (no wastage) 0 
May 1 30 0.133 
May 3 25 0.160 
May 5 20 0.200 
May 7 15 0.266 
May 8 10 0.400 
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3.3. Physical and Chemical Analysis 
The reactors were operated at an SRT of 10 d for a period of 8 weeks (Figure 5) during 
which samples for chemical, physical, and microbial analysis were collected on a weekly 
basis.  
 
 
Figure 5 - Time scale for the complete experimental period, including start date, 
duration of each phase of the experiment, and specifications of analytical 
measurement for each phase. 
3.3.1. Physical parameters 
The physical parameters tested included: total suspended solids (TSS), volatile suspended 
solids (VSS), settled volume after 30 minutes (SV30), sludge volume index (SVI), and 
pH. Analyses were performed according to standard protocols. Changes in mixed liquor 
color were also monitored by visual inspection of the reactors.  
a. TSS and VSS 
TSS and VSS were determined according to Standard Methods for the Examination of 
Water and Wastewater (2540D and 2540E, respectively) (3). Each analysis was 
performed in triplicate. Glass-fiber filters disks with a pore size of 1.5 µm (Whatman 
934-AH Glass Microfiber filter) were prepared by washing them with Mili-Q water while 
 36 
applying vacuum in a filtration apparatus (Millipore). Filters were placed in an 
aluminum-weighting disk and ignited at 550ºC in a muffle furnace for 15 minutes. Dry 
filters in the aluminum plates were weighed. Ten milliliters of mixed liquor from each 
bioreactor were filtered in the previously prepared glass fiber filters, transferred to the 
aluminum plates, dried for 2 hours at 105ºC in an oven, and weighted. The TSS was 
calculated according to equation 2: !"!!"!#$!!"!#$%&$!!"#$%!!! ! !!! !!""""""!"#$%&!!"#$%&! " Equation 2 
where, 
A=weight of filter + aluminum plate + dried residue, g 
B=weight of filter + aluminum plate, g 
Sample volume=10 ml 
For the VSS, the residues from TSS were ignited in a muffle furnace at 550ºC for 
1 hour, and weighted. The VSS was calculated according to equation 3: 
   !"!!"#$%&#'!!"#$%!!!! ! !!! !!""""""!"#$%&!!"#$%&! " Equation 3 
where, 
A=weight of filter + aluminum plate + residue before ignition, g 
B=weight of filter + aluminum plate + residue after ignition, g 
Sample volume=10 ml 
The average TSS and VSS were calculated for the triplicate samples and the 
standard deviation and coefficient of variation determined. 
b. Settling properties 
In activated sludge systems, sludge settling properties are extremely important to 
maintain good effluent quality (3). To quantify the settling characteristics of activated 
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sludge, 30-min settled sludge volume (SV30) was measured according to a modified 
version from (38) and the Sludge Volume Index (SVI) was calculated according to 
Standard Methods for the Examination of Water and Wastewater  (2710D) (2). 
The modified SV30 was performed by allowing a 100 ml sample of mixed liquor, 
instead of 1 L sample, settle for 30 min in a 100-ml graduated cylinder. The SV30 was 
modified because less than 1-L was wasted daily.  
The SVI is the volume in milliliters of 1 g of sludge after 30 min of settling. It 
was determined using the SV30 value and the corresponding sample mixed liquor 
suspended solids concentration (TSS). The SVI was calculated according to equation 4: 
!"# ! !!"##$"%!!"#$%&!!"!!"#$%&! "!!!!! !!!!"!!!!"!!"! !!!"#$%&'%'!!"#$%&!!"! ! ! !"!       Equation 4 
c. pH 
The pH of the mixed liquor samples were measured using an ion-specific electrode pH 
meter (CyberScan pH6000, EUTECH Instruments) 
3.3.2. Chemical parameters 
Chemical analyses were performed by colorimetric methods measuring absorbance at 
different wavelength for each test in a DR 5000 UV-Vis spectrophotometer (Hatch 
Company). Forty-ml samples were collected weekly from the influent and effluent during 
settling stage of the SBR and filtered through nitrocellulose 0.45µm pore filters 
(Millipore). Chemical Oxygen Demand (COD), ammonia-nitrogen, nitrate-nitrogen, and 
nitrite-nitrogen were analyzed using Hach Test ‘N Tube reagents. Table 5 summarizes 
the main features of these tests.  
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Table 5 - Chemical analysis tests 
Chemical 
Analysis Sample Method Range Units Wavelength 
Chemical 
Oxygen 
Demand 
(COD) 
Influent 
USEPA 
Reactor 
Digestion 
Method 
High range: 20-
1500 mg/L COD 
mg/L 
COD 
420 nm 
 
Chemical 
Oxygen 
Demand 
(COD) 
Effluent 
USEPA 
Reactor 
Digestion 
Method 
Low range: 
3-150 mg/L COD 
mg/L 
COD 
620 nm 
Ammonia-
nitrogen 
Influent 
and 
Effluent 
10031: 
Salicylate 
Method 
High range: 
0.4-50.0 mg/L 
NH3-N 
mg/L 
NH3-N 
655 nm 
Nitrate-
nitrogen 
Effluent 
10020: 
Chromotropic 
Acid Method 
High Range: 
0.2-30.0 mg/L 
NO3--N 
mg/L 
NO3--N 
410 nm 
Nitrite-
nitrogen 
Effluent 
 
8153: Ferrous 
Sulfate 
Method 
High Range: 
2-250 mg/L NO2-
N 
mg/L 
NO2--N 
585 nm 
 
3.4. Microbial analysis 
3.4.1. DNA extraction 
Mixed liquor samples (1 ml each) were collected in a 2-ml screw cap centrifuge tubes 
from each bioreactor for microbial community analysis. Samples were collected in 
triplicates. Tubes were centrifuged at 10,000 rpm for 5 min and the supernatant was 
discharged. Genomic DNA was extracted using the PowerSoil DNA extraction kit (MO 
BIO Laboratories) according to the manufacturer’s protocol, where cells were disrupted 
by chemical and physical methods in a Mini-Bead Beater (BioSpec Products) for 2 
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minutes. The isolated DNA was stored at -20oC until used. The quality (A260/A280) and 
quantity (A260) of extracted genomic DNA was determined with a Nanodrop® 
spectrophotometer (NanoDrop Technologies). The extracted DNA from each sample was 
amplified in triplicate using PCR conditions below. 
3.4.2. PCR conditions  
Touchdown PCR was performed to increase the specificity of the PCR by using a cycling 
program with varying annealing temperatures. Three replicate PCR reactions were done 
for each sample in a 25- µl reaction volume containing 1X PCR buffer which has 200 µM 
of each deoxynucleoside triphosphate (dNTP), 1.5 mM MgCl2, 0.025 U of Taq DNA 
polymerase/µl (HotStarTaq Plus Master Mix, QIAGEN), 10 picomoles of each primer, 
and 1 µl DNA extract.  
The extracted DNA was amplified with bacterium-specific forward primer 515F 
(5'-Lib-L/A-Key-Barcode-GTGYCAGCMGCCGCGGTAA-3') and reverse primer 909R 
(5'-Lib-L/B-Key-TC linker-CCCCGYCAATTCMTTTRAGT-3'). These primers are 
specific for conserved bacterial 16S rRNA sequences. A unique reverse primer was used 
for all samples, while different 5!-nucleotide barcoded forward primers were used for 
each sample, so that a unique barcoded primer combination can be applied to each 
specific DNA template source to generate homologous DNA amplification products from 
multiple specimens. PCR was performed using a C1000 Thermal Cycler (BIO RAD) with 
the following touchdown PCR cycle program: initial denaturation at 95°C for 5min, 
followed by 10 cycles of denaturation at 94°C for 1 min, annealing for 1 min, and 
extension at 72°C for 1 min. The annealing temperature for these 10 cycles decreased 
0.5°C every cycle stating from 65°C, until it reached 60 °C. This was followed by 25 
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cycles of denaturation at 94°C for 1 min, annealing for 1 min at 60 °C, and extension at 
72°C for 1 min.  
Unique 500-bp PCR products (25 µl) were verified visually with electrophoresis 
(Thermo Scientific EC300 XL) 1.2% agarose gel in 1X Tris-borate-EDTA. Before 
loading, 2X SYBER Green I Stain (Lonza) and 1X GelPilot DNA Loading Dye (Qiagen) 
were added to the PCR products. Gel electrophoresis was run for 90 min at 70 volts, and 
the gel was visualized using a Gel DOC XR Imaging System (BIO RAD). The 500-bp 
band of each sample was excised and purified using a Qiaquick gel extraction kit 
(QIAGEN) according to the manufacturer’s protocol.  454 pyrosequencing of PCR 
amplicons from hypervariable regions in the 16S rRNA gene was conducted using the 
Roche Genome Sequencer 454 FLX Titanium in the Bioscience Core Lab at KAUST. 
3.4.3. Data analysis 
The 16S rRNA gene fragments were phylogenetically assigned according to their best 
matches to sequences based upon BLASTn against Genebank and a curated 16S database 
derived from high-quality 16S sequences in RDPII database (46). The 16S rRNA 
sequences were aligned and clustered in RDPII database (46). The agglomerative 
hierarchical clustering UPGMA was applied to perform cluster analysis and generate the 
dendrograms based on Hellinger distance using the Community Analysis Package 
software 4.0 (Pisces Conservation Ltd.).  Hellinger distance is equal to the Euclidean 
distance after taking the square root of the relative abundance of taxa (class 
level).   Rarefaction curves and diversity analyses were conducted using MOTHUR (33).  
Operational taxonomic unit (OTU), richness and diversity indices were used to 
evaluate the microbial diversity between samples. The Shannon-Weaver index (H’) is 
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commonly used to characterize species diversity in a community and accounts for both 
abundance and evenness of the species present (21). For example, communities with 
more species and even distribution of abundance will have higher values of H’ that those 
with fewer species or uneven distribution (33). It is calculated as follows:  
                                              !! ! ! !!!!"#!!!!!!!!     Equation 5 
where,  
S = total number of species (OTUs) 
pi= proportion of species i 
Chao1 index (S1) (22) is a statistical indicator of the richness (total number of 
phylotypes) for each sample, taking into consideration the numbers of singletons and 
doubletons to estimate the number of undetected species. It is calculated as follows (8): !! ! !! ! !!!!!!!!!!!!!!!       Equation 6 
where, 
So = observed number of species 
n1 = the numbers of species observed once  
n2 = the numbers of species observed twice 
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The microbial analysis flowchart is presented in Figure 6.  
 
 
 
Figure 6 – Microbial Analysis flow chart. Different software were employed to 
analyze the 16s rRNA sequences from 454 pyrosequencing.  
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IV. RESULTS  
4. Chapter  
4.1. Physical characteristics 
4.1.1. TSS/VSS 
The values from VSS are given in Table 6. 
Table 6 - VSS values from all reactors. Analysis was made at start-up of the 
experiments and on a weekly basis starting from week 4. 
 
SBRs 
Sampling week 
Day 0 Week 4 Week 5 Week 6 Week 7 Week 8 Week 9 Week 10 Week 11 
VSS concentration (mg/L) 
I_SBR 1 2080 1270 1153 1037 1457 1317 750 937 1227 
I_SBR 2 2080 1327 1020 1133 1123 603 493 183 167 
D_SBR 1 2950 1297 800 947 983 913 1320 1077 1333 
D_SBR2 2950 947 777 863 503 593 603 523 830 
S_SBR1 5333 837 1090 1407 1173 1790 1360 1070 1087 
S_SBR2 5333 767 1037 1333 1373 1703 1830 1067 1390 
M_SBR1 3454 1327 847 977 547 680 750 780 943 
M_SBR2 3454 1070 833 563 1017 1110 1427 1113 1197 
 
The TSS/VSS ratio at the start-up of the reactors was 0.34, 0.67, 0.6, and 0.44 for 
industrial, domestic, sugar, and mix reactors, respectively. The ratio increased until 
reaching average values between 0.8 and 0.9 throughout the experimental period.  
4.1.2. SVI 
SVI is used to monitor settling characteristics of activated sludge and it can be used in 
wastewater treatment plant as a routine process control (3). The values of SVI calculated 
using Equation 4 are provided in Figure 7.  
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A)  
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C)  
 
 
 
 
 
 
 
 
 D) 
 
 
 
 
 
 
 
 
 
 
 
Figure 7 - SVI values for replicate reactors initially inoculated with activated sludge 
from A) industrial WWTP, B) sugar WWTP C) domestic WWTP, and D) a mix of 
all WWTP. 
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Typically, values of SVI greater than 200 mL/g indicate severe sludge bulking, 
while lower values indicate well settling sludge (35). The SVI values varied through 
duplicate reactors and between reactors started with different activated sludge source 
(Figure 7). Reactors I_SBR1 and I_SBR2 (Fig. 7. a) started with a similar SVI value 
around 650 mL/g and after four weeks of operating the reactors at an SRT of 10 d (7 
weeks of starting experiment), the two reactors diverged from each other. Reactor 
I_SBR1 had a good settling property with stable SVI values below 200 mL/g while 
I_SBR2 presented a very poor settling properties with SVI values reaching 5760 mL/g at 
the end of the experiment. This low settling properties led to lost of biomass causing the 
VSS value to drop dramatically reaching a value of 167 mg/L. Reactors D_SBR1 and 
D_SBR2 started with a similar SVI and then diverged after 3 weeks of operating the 
reactors at an SRT of 10 d. Reactor D_SBR1 settling properties improved after 3 weeks 
and stabilized at values below 200 mL/g, whereas D-SBR2 presented bulking problems 
with SVI values around 1400 mg/L. Reactors S_SBR1 and S_SBR2 showed the most 
reproducible behavior and better settling characteristics with SVI values below 200 mL/g. 
On the contrary, M_SBR1 and M_SBR2 showed the most unstable behavior among 
measurements within the same reactor, starting at high values and then decreasing to 
values lower than 200 mL/g, after which it increased to values greater than 200 mL/g. 
Although SVI values for M_SBR1 and M_SBR2 were not the same, they showed a 
similar trend. 
Comparing the SVI values in Figure 7 to the VSS values in Table 6, it can be 
concluded that as the SVI value increases, the VSS concentration decreased, due to 
unintentional wastage of biomass during the decanting phase caused from poor settling. 
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For example, the SVI values for D_SBR2 and I_SBR1 started decreasing when the SVI 
increased.  
4.1.3. Mixed liquor color 
The initial inoculum from the three WWTP presented a dark color due to the presence of 
different contaminants and high organic matter content in the wastewater. Activate sludge 
from domestic and sugar WWTP had a black color, while the sludge from industrial 
WWTP had a dark green color (Figure 8). Reactors gradually change color throughout 
the experiment due to the substitution of real wastewater with synthetic wastewater using 
acetate as the carbon source. Mixed liquor had a brown color in all reactors although in 
different intensities, varying from light brown to dark brown. The evolution of mixed 
liquor color colors is shown in Figures 8 to 12.  
A)      B) 
 
 
 
 
 
 
 
 
 
C)      D) 
 
 
 
 
 
 
 
 
Figure 8 - Duplicate reactors initially inoculated with activated sludge from A) 
Domestic WWTP, B) Sugar WWTP, C) Industrial WWTP, and D) Mix WWTP. 
Photo taken on April 17, 2011 (i.e. day 1). 
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A)      B) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9 - Duplicate SBRs during the settling phase. A) Domestic 1 and Domestic 2), 
B) Sugar 1 and Sugar 2, C) Industrial 1 and Industrial 2, and D) Mix 1 and Mix 2.  
Photos taken on June 14, 2011 (i.e. week 9) 
A) B) 
 
 
 
 
 
 
 
B)      C) 
 
 
 
 
 
Figure 10 - Duplicate SBRs during the react phase.  A) Domestic 1 and Domestic 2, 
B) Sugar 1 and Sugar 2, C) Industrial 1 and Industrial 2, and D) Mix 1 and Mix 2.  
Photos taken on June 18, 2011 (i.e. week 9)
C) D) 
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A) B) 
 
 
 
 
 
 
 
 
    C)                      D) 
 
 
 
 
 
 
 
Figure 11 - Duplicate SBRs during the settling phase.  A) Domestic 1 and Domestic 
2, B) Sugar 1 and Sugar 2, C) Industrial 1 and Industrial 2, and D) Mix 1 and Mix 2.  
Photos taken on June 24, 2011 (i.e. week 10) 
  A)                          B) 
         
 
 
 
 
 
 
  C)             D) 
 
 
 
 
 
Figure 12 - Duplicate SBRs during the settling phase.  A) Domestic 1 and Domestic 
2, B) Sugar 1 and Sugar 2, C) Industrial 1 and Industrial 2, and D) Mix 1 and Mix 2.  
Photos taken on June 30, 2011 (i.e. week 11) 
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 At week 5 all reactors evolved into a similar color, but after this, it can be 
observed that in some cases neither the color nor the settling properties of the reactors 
were similar between duplicate reactors, reactors seeded with different sludge source, or 
between measurements of the same reactor with time. It has been reported that sludge 
with lighter brown color contained more filamentous bacteria and had poorer flock 
structure, while brown sludge was characterized by larger and more compact flocs with 
less filamentous microorganisms (27). SBRs Mix 1, Domestic 2 and Industrial 1 
presented lighter color compared to their respective replicates reactors and in accordance 
to previous studies (27), they had the highest SVI and lowest VSS values. At week 9 SBR 
Industrial 1 showed a dramatic change in color turning into a pale grey color reflected 
also in an extremely high SVI and very low VSS values. SBRs Sugar 1 and Sugar 2 
showed the highest similarity in color (dark brown) throughout the experiment and better 
SVI values.  
Foaming, another settling problem, was observed in two of the tanks. Industrial 1 
exhibited formation of foam around the week 7 of the experiment and can be observed in 
the surface of the mixed liquor (Fig. 9 C), while Sugar 2 presented the same problem at 
week 8. Foaming in Sugar 2 was observed in a smaller degree compared to Industrial 1 
and just for one week. By the end of the experiment (week 11) foaming on Industrial 1 
had already disappeared.  
4.1.4. pH 
Weekly measurements showed that the pH in all reactors ranged between 7.2 and 8.6.  
4.2. Reactor Performance 
Reactor performance was evaluated in terms of effluent COD and nitrification. 
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4.2.1. Chemical Oxygen Demand 
The influent and effluent COD are Figure 13. 
 
Figure 13 - Influent and effluent COD from Sugar, Industrial, Domestic, and Mix 
SBRs. All symbols represent average values from duplicate reactors with their 
respective standard error. 
The influent COD concentration remained stable at an average value of 378 mg/L 
COD, almost the 400 mg/L COD value estimated from stoichiometry (Fig. 13). The 
effluent COD was around 20 mg/L for all reactors, with a minimal variability. The 
percentages of COD removal for all reactors were calculated from Equation 7 and are 
shown in Table 7. 
 
 !!!"#!!"#$%&' ! !"#!!"#$%&"'!!"#!""#$!%&!"#!"#$%&"' !!""  Equation 7 
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Table 7 – Percentage of COD removal.  
 
SBRs 
Sampling Week 
4 5 6 7 8 9 10 11 
Percentage COD removal (%) 
I_SBR 1 96 95 95 94 92 87 96 94 
I_SBR 2 97 95 96 95 98 94 95 88 
D_SBR 1 90 94 93 99 95 94 95 97 
D_SBR2 96 96 95 94 94 96 95 96 
S_SBR1 99 97 99 97 96 97 94 98 
S_SBR2 74 94 96 95 95 97 92 97 
M_SBR1 100 95 96 95 94 94 95 90 
M_SBR2 100 95 95 100 96 97 94 82 
 
It can be observed that the standard error between the average of duplicate SBRs 
(Fig. 13), and the differences in the percentage of COD removal from duplicate SBRs 
(Table 7) were almost negligible, suggesting high reproducibility between duplicate 
reactors. In addition, to a high reproducibility between replicate reactors, the type of 
inoculum did not influence COD removal, obtaining high removal percentages in all the 
reactors. These results indicate that the microbial communities were functionally 
redundant and that different sludge sources used to start-up the reactors have no 
detectable effect on the reactor performance in terms of COD removal.  
4.2.2. Nitrification  
Nitrification in the SBRs was assessed by measuring the concentration of ammonia-N, 
nitrate-N, and nitrite-N in the effluent wastewater. 
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Figure 14 - Influent and effluent NH3-N from Sugar, Industrial, Domestic, and Mix 
SBRs. All symbols represent average values from duplicate reactors with their 
respective standard error. 
Influent NH3-N was around 28 mg/L (Fig. 14). The effluent NH3-N 
concentrations were reported as average of duplicate reactors. These averages represented 
a small error demonstrating a small variability between duplicate SBRs. At the beginning 
of sampling period, the concentration of NH3-N in the Sugar and Domestic SBR was 10 
mg/L, while it was less than 1 mg/L in the Industrial and Mix SBRs.  Throughout most of 
the experiment, the NH3-N concentration remained at values below 1 mg/L for all 
reactors. At week 10 (June 22) it slightly increased for all reactors with the exception of 
Industrial SBRs that had a significant increase in effluent NH3-N concentrations in the 
last two weeks of experimentation.  
NO3--N and NO2--N concentrations for duplicate SBRs were plotted separately 
and not as an average due to the low reproducibility between duplicate reactors (Fig. 15-
18).  
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Figure 15 - NO3--N and NO2--N concentrations in the effluent from reactors I_SBR1 
and I_SBR2 
 
Figure 16 - NO3--N and NO2--N concentrations in the effluent from reactors D_SBR1 
and D_SBR2 
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Figure 17 - NO3--N and NO2--N concentrations in the effluent from reactors S_SBR1 
and S_SBR2 
 
Figure 18 - NO3--N and NO2--N concentrations in the effluent from reactors 
M_SBR1 and M_SBR2. 
 55 
Industrial SBRs had low effluent NO3-N concentrations and an accumulation of 
NO2--N with a gradual decrease towards the end of experiment (Fig. 15). Reactor 
D_SBR1 exhibited higher effluent NO3-N concentrations than reactor D_SBR2; however, 
both reactors showed a similar trend (Fig. 16). The Sugar and Mix SBRs showed the 
highest variation among duplicate reactors in terms of effluent NO2--N (Fig. 17 & 18). 
NO3-N values for S1 and S2 were the highest among all reactors (Fig. 17). 
Nitrification is a two step process, that involves the conversion of ammonia to 
nitrite by ammonia oxidizing bacteria (AOB) followed by the further transformation of 
nitrite into nitrate by nitrite oxidizing bacteria (NOB) (30). Accumulation of NO2—N, as 
seen in most of the reactors, reveals an incomplete nitrification. The graphs clearly show 
significant differences in NO2--N and NO3-N between SBRs seeded with different sludge 
source, sampling dates for the same reactor and duplicate reactors. These results suggest 
that the performance of the reactors in terms of nitrification was not stable. 
4.3. Microbial analysis 
4.3.1. Diversity Analysis 
OTUs were determined based on a 95% sequence similarity by the furthest-neighbor 
method using MOTHUR (46). The Shannon-Weaver index (H’) and Chao1 richness 
estimator were calculated using MOTHUR at a 95% confidence interval (Table 8). From 
Table 8 it can be observed that at the beginning of the experiment, the values for OTUs, 
H’, and Chao indices, although being similar between replicate SBRs (with the exception 
of Industrial SBRs), were different for SBRs started with a different sludge source. SBRs 
started with domestic WW had the highest diversity at day 0. Throughout the 
experimental period, changes in OTU and diversity indices values were noted. 
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Table 8 – OTUs and diversity indices for the eight SBRs at different sampling periods.  
SBR 
Sampling Date 
Day 0 Week 4 Week 5 Week 6 Week 7 Week8 
OTU Chao H' OTU Chao H' OTU Chao H' OTU Chao H' OUT Chao H' OTU Chao H' 
D_SBR1 2077 4693 8.41 737 1571 6.67 430 945 6.62 836 1734 5.15 969 2063 5.52 957 2258 5.88 
D_SBR2 2029 4801 8.41 628 1519 6.64 286 658 6.13 603 1452 3.26 870 1716 5.68 755 1456 5.53 
S_SBR1 1011 2565 7.13 263 502 4.73 183 417 3.98 875 1531 5.97 690 1366 4.36 968 2009 6.18 
S_SBR2 1088 2013 7.03 289 636 5.12 185 412 4.65 536 1114 3.22 729 1516 4.45 855 2022 5.58 
I_SBR1 1490 3829 6.81 429 1056 5.95 284 673 5.86 1070 2296 6.16 967 2161 5.55 933 1978 5.68 
I_SBR2 449 1075 5.90 396 814 6.02 998 2374 5.38 820 1528 5.37 906 1917 5.15 661 1552 4.77 
M_SBR1 1467 3141 8.19 378 984 7.31 1133 2296 7.35 1069 2108 6.74 550 1134 4.83 780 1642 5.66 
M_SBR2 1422 3608 7.98 709 1628 7.39 806 1764 7.24 1034 2140 7.11 930 2076 6.25 560 1209 5.11 
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4.3.2. Rarefaction Curves 
Rarefaction analyses were performed to determine whether the analyzed number of 
sequences represents a sufficient sample size.  
Rarefaction curves were determined for weeks 7 and 8 (Fig. 19).  The shape of the 
rarefaction curves indicates good coverage with reasonable number of OTUs sampled. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 19- Rarefaction curves for all SBRs at A) week 7 and B) week 8. 
A) 
B) 
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4.3.3. Taxonomic analysis 
Taxonomic classification of the microbial community in the SBRs was done in RDP 
Classifier to determine the shift in microbial community composition with time.  The 16S 
rRNA sequences were classified at the class level (Fig. 20-23). 
 
 
 
Figure 20 – Phylogenetic composition at the class level of the 16s rRNA sequences 
from Industrial 1 and Industrial 2 SBRs. Only taxa with a relative abundance >1% 
are shown. 
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Figure 21 – Phylogenetic composition at the class level of the 16s rRNA sequences 
from Domestic 1 and Domestic 2 SBRs. Only taxa with a relative abundance >1% 
are shown. 
 
Figure 22 – Phylogenetic composition at the class level of the 16s rRNA sequences 
from Sugar 1 and Sugar 2 SBRs. Only taxa with a relative abundance >1% are 
shown. 
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Figure 23 – Phylogenetic composition at the class level of the 16s rRNA sequences 
from Mix1 and Mix 2 SBRs. Only taxa with a relative abundance >1% are shown. 
 
In accordance to the previously discussed diversity indices, a dynamic behavior 
was observed in the taxa composition (Figures 20 – 23), where a constant change was 
observed in the relative abundance of dominant taxa throughout the experimental period.    
Although replicate SBRs contained the same dominant taxa at different sampling events, 
their relative abundance was different. At week 8 the number of dominant taxa (>1%) in 
each sample was reduced accompanied by an increase in the relative abundance of certain 
classes.  
The  microbial community composition in the SBRs started with a different 
sludge source was compared for the last sampling event (i.e. week 8) in order to 
determine if the microbial community composition converged after 8 weeks of operation 
under identical conditions (Fig. 24). 
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Figure 24 – Phylogenetic composition at the taxa level of the 16s rRNA sequences 
from all SBRs at week 8. Only taxa with a relative abundance >1% are shown. 
 
At week 8, the majority of sequences could be classified into 9 taxonomic groups: 
Sphingobacteria, Plancomycetacia, Betaproteobacteria, Gammaproteobacteria, 
Deltaproteobacteria, Nitrospira, Sphingobacteria, Plancomycetacia, Flavobacteria, 
Alphaproteobacteia, and Acidobacteria_Gp4. Betaproteobacteria was the predominant 
taxa in all SBRs. A major degree of reproducibility can be observed between replicate 
reactors than between inocula, however differences in the presence of certain species and 
in their relative abundance, can be seen between all samples.  
An important class present in SBR is Nitrospira, a NOB. Traditionally, based on 
culture-dependent methods, Nitrobacter was considered the main genus of NO2- 
oxidizers. Recent findings, using molecular techniques targeting the 16S rRNA genes, 
suggest that Nitrospira are the dominant nitrite oxidizers in wastewater treatment plants 
(30). Despite the presence of Nitrospira in the SBRs, their relative abundance was low 
and this could explain the accumulation of nitrite during nitrification (Fig. 15-18). 
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Nitrospira was not present in Industrial SBR, which justifies why it had the lowest 
concentration of effluent nitrate (Fig. 15).  
Filamentous bacteria such as Chloroflexus (Chloroflexi), Haliscomenobacter 
(Sphingobacteria), Rhodoccocus (Actinobacteria), Gordonia (Actinobacteria), 
Mycobacterium (Actinobacteria) (19) were detected in the different SBR (data not 
shown) , which could explain the high SVI values (Fig. 7) and low settling properties of 
activated sludge.  
4.3.4. Cluster Analysis 
Cluster analysis was performed to assess the degree of similarity in the microbial 
community structure of replicate SBRs. Dendograms were generated using the 
presence/absence and relative abundance of different taxa (Class level) in each sample 
(Fig. 25-28).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 25– Dendogram generated using the Hellinger Distance and agglomerative 
hierarchical clustering UPGMA for Domestic 1 and Domestic 2 SBRs  
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Figure 26- Dendogram generated using the Hellinger Distance and the 
agglomerative hierarchical clustering UPGMA for Sugar 1 and Sugar 2 SBRs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 27 – Dendogram generated using the Hellinger Distance and the 
agglomerative hierarchical clustering UPGMA  for Industrial 1 and Industrial 2 
SBRs.  
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Figure 28 – Dendogram generated using the Hellinger Distance and the 
agglomerative hierarchical clustering UPGMA  for Mix 1 and Mix 2 SBRs.  
 
From the dendrograms it can be concluded the microbial community structure 
was dynamic and evolving where at each sampling event the community structure was 
different from the previous sampling event.  Also, the similarity in replicate SBRs 
decreased with time (increased distance in the horizontal axis) suggesting that the 
microbial community in replicate reactors evolved differently despite constant operating 
conditions.  
A dendogram for all SBRs was constructed for week 8 (Fig. 29) to determine if 
the microbial community structure in the reactors started with a different sludge source 
will converge after 8 weeks of operation under identical conditions. The results clearly 
show that the microbial community structure did not converge suggesting that history and 
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distribution of taxa in the source inoculum were stronger regulating factors in shaping 
bacterial community structure than environmental factors.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 29 – Dendogram generated using the Hellinger Distance and the 
agglomerative hierarchical clustering UPGMA for all SBR samples for week 8.  
 
Although the variability among replicate reactors with the same culture was less 
than the variability between reactors with different inocula, since they clustered together, 
the similarity among replicates them was very low (Fig. 29) as shown also by the 
previous dendograms (Fig. 25-28). Sugar SBRs presented the highest similarity among 
replicates, followed by Mix, Industrial, and finally Domestic which had the greatest 
divergence. Different inocula did not clustered together meaning that even under identical 
conditions, inoculum did not converged into the same community.  
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V. DISCUSSION 
5. Chapter 5 
5.1. Physical Characteristics  
Bulking and foaming are two major causes of poor settling in activated sludge systems. 
Bulking is caused by filamentous organisms that extend from flocs into the bulk solution 
and they interfere with compaction and settling (30). Foaming is caused by the presence 
of slow growing filamentous organisms and can cause many problems like elevated 
suspended solids in the effluent (36).  
Two distinctive causes of sludge bulking have been identified: low dissolved 
oxygen (DO) and long SRT. Low DO bulking is caused by filamentous bacteria that have 
a good affinity for dissolve oxygen (low K for O2). Long SRT (SRT>15 d) can cause 
bulking due to the presence of K-strategist with a high affinity for organic substrates (i.e. 
low K). Thus, they have an advantage when the specific growth rate (µ) is low (SRT=µ-1) 
and organic substrates are low (30). Miyazato et al. (24) reported that in activated sludge 
cultivated with synthetic wastewater containing acetate, the !lamentous bacteria and SVI 
values increased causing bulking problems; while filamentous bulking did not occur in 
synthetic wastewater without acetate.  
In the current study sludge bulking could had been caused by the presence of 
acetate in the synthetic wastewater.  
Physical characteristics (VSS, SVI, and activated sludge color) clearly 
demonstrated that replicate reactors did not evolve similarly and reactors with different 
initial inoculum did not converge with time even when operated under the same 
conditions.  
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A concordance between sludge color and settling properties was found in all 
reactors where a lighter brown color suggested filamentous growth (27) and consequently 
high SVI and low VSS values. While a darker brown was accompanied by better settling 
characteristics with a lower SVI and higher VSS.  
5.2. Microbial community dynamics  
The fact that at each sampling period, the community structure was different from the 
previous sampling period suggests that the bacterial community structure was dynamic 
and constantly changing.  
High dynamics of bacterial communities at start up of the experiment have 
previously been observed in sequencing batch reactors (5) and membrane bioreactors 
(12). The initial dynamic nature of these systems have been attributed to changes of the 
food to microorganisms ratio (F/M) after undergoing dilution of biomass (12), and also to 
a lack of acclimation period which causes high bacterial turnover (5).  
In the current study, this dynamic behavior could have been originated from lack 
of acclimation period and a change in the F/M ratio since community underwent a 
twofold dilution at setup of the experiment.  
5.3. Reactor Reproducibility 
Cluster analysis demonstrated that replicate reactors did not evolve similarly in all SBR 
even when operational parameters were left unchanged. Divergence between replicate 
reactors operated under identical conditions, in terms of species richness and community 
composition has been demonstrated previously by (18), (20). 
According to Kaewpipat and Grady (18), replicate reactors can diverge 
phylogenetically due to perturbations on the microbial community during transfer from 
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WWTP to laboratory conditions. They proposed that an acclimation period (!60 d) is 
necessary for an adequate acclimation of the inoculum under laboratory conditions to 
compensate any perturbations. Falk et al. (12) demonstrated that acclimated microbial 
communities evolve similarly in replicate membrane bioreactors (MBR) when 
operational parameters are kept constant. In the current study, no acclimation period was 
provided to the initial seed and this may have resulted in the divergence of bacterial 
communities.  
According to the neutral theory the bacterial composition is influenced by the 
total diversity and the species abundance distribution in the metacommunity. Therefore, it 
is expected that a smaller community will have less diversity and consequently greater 
reproducibility between replicates (4), (10), (16).  
The purpose of mixing all types of sludge sources (i.e. domestic, industrial and 
sugar) into the Mix SBRs was to increase the number of available species in order to test 
if this will result in reduced reproducibility in the microbial community structure. 
However, diversity analyses showed that the Domestic SBRs contained the highest 
number of OTUs  at day 0, followed by Industrial and Mix SBRs, while the Sugar SBRs 
contained the lowest number of OTUs (Table 8). Comparing OTU values at day 0 with 
the dendogram results constructed for  all SBRs at week 8 (Fig. 29), one can conclude 
that the degree of divergence (increased distance in the horizontal axis) was larger for 
SBRs started with higher initial number of OTUs (i.e. day 0).  For example, Domestic 
SBRs which contained the highest number of OTUs, presented the largest degree of 
divergence between replicate reactors, followed by Industrial, Mix and Sugar SBRs, 
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which had the highest degree of similarity and the lowest number of OTUs These results 
are in agreement with the neutral theory.  
5.4. Evolution of different inocula  
Microbial analysis also demonstrated that different initial sludge source resulted in 
different bacterial communities despite operation under identical conditions (Fig. 24 and 
29).  
Other studies have shown that the local bacterial community structure is regulated 
by the metacommunity (20), (48) and consequently reactors started with a different 
sludge source will not converge due to random assembly process.  
The current study demonstrated that the history and distribution of taxa (the 
inocula) were more important factors regulating the assembly of the communities than 
the environmental conditions such as the synthetic wastewater.  
5.5. Reactor Performance 
The performance of the reactors among replicate reactors showed two different trends. 
On broad-scale functions such as organic carbon removal, the performance of the SBRs 
was stable despite dynamics in the microbial community, and differences in settling 
properties and color suggesting high functional redundancy in aerobic heterotrophs. 
Broad-scale functions are carried out by a wide range of microorganisms, so the loss of 
one species will be compensated by another species and the result will be greater 
functional stability. Previous studies demonstrated that broad-scale functions are stable 
despite shifts in bacterial community structure  (20). 
On the contrary, specific functions such as nitrification are more susceptible to 
shifts in the diversity and microbial community structure.  Biological nitrification is an 
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unpredictable process and sometimes fails inexplicably. Unpredictable behavior has been 
explained as a consequence of chaotic behavior.  Graham et al. (15) concluded that this 
chaotic behavior tend to instability due to a fragile mutualistic interaction between 
ammonia-oxidizing bacteria (AOB) and nitrite-oxidizing bacteria (NOB), the two major 
players in nitrification. NOB strongly depends on AOB for its electron donor (NO2—) and 
AOB depends on NOB to remove toxic NO2—.  They showed that both bacteria are 
sensitive to initial conditions, suggesting wide chaotic behavior. Nevertheless, they 
observed that NOB were more instable than AOB and its variability was increased when 
AOB were more instable. This can result in an accumulation of NO2—N and an irregular 
nitrification. Even small perturbations in AOB can generate negative responses in NOB. 
They further concluded that the fragile relationship between AOB and NOB could lead to 
destabilization under almost any condition, even in full-scale bioreactors like a WWTP 
that contains greater biodiversity. 
In addition, nitrifying bacteria are nutritionally inflexible, slow growers, sensitive 
to inhibitors and less phylogenetically diverse than many other key functional bacterial 
populations (like heterotrophs) (15), (30), (45). Such characteristics can lead to 
unrecoverable loss of function after destabilization.  
 In the current study, similar results were observed, despite maintenance of stable 
operating condition This could be explained by the instability of Nitrospira community 
abundance throughout the experimental period resulting in varying concentrations of 
NO2— (Fig. 15-18) . This suggests that nitrification is more susceptible to shifts in 
microbial community structure. 
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VI. CONCLUSION 
 
The study of the ecology of the microbial communities in terms of the bacterial 
community dynamics and diversity is of great importance in order to determine the 
patterns that underline microbial assembly and establish models that describe the 
abundance and distributions of species, factors that influence the performance efficiency 
and stability of biological WWTPs. The formation of bacterial community has been 
explained with two contrasting models: the neutral and the deterministic models.  
This study focused on determining which of these two models describe the 
assembly of activated sludge by studying the evolution of the microbial community in 
replicate lab-scale sequencing batch reactors operated under the same conditions but 
seeded with difference source inocula, i.e. domestic, industrial, and sugar industry 
WWTP.  
From the microbial analysis a dynamic microbial community was observed, 
where duplicate reactors diverged into communities different from the original one and 
different from each other, showing no reproducibility. Besides, reactors seeded with 
difference source inocula did not converge under the same selective pressure.  
It was concluded that stochastic forces acting on the system were more important 
than environmental selective pressure, thus the diversity and community structure of the 
activated sludge followed a neutral assembly.   
Furthermore, it was demonstrated that broad-scale functions such as organic 
removal was not affected by fluctuations of a highly dynamic community, since a loss of 
one species is easily replace by other organisms with the same functional characteristics. 
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On the contrary, processes such as nitrification are much more sensitive by fluctuations 
and perturbations, and the presence of specific functional groups is of vital importance 
for the functioning and stability. Hence the importance of determining the factors that 
control the community assembly to establish the ideal conditions that will select for the 
desired microorganisms.  
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